The performance and emissions of a spark-ignited, port-injected, gasoline-fuelled, water-cooled, small-size modern motorcycle engine were investigated. For this purpose, an experimental test-rig was built up utilizing a small motorcycle engine for carrying out the practical tests. Experimental tests were performed for a range of engine speeds, various air-fuel ratios with a WOT condition and fixed timing of injection and ignition events. The experimental test-rig results consist of torque, power, brake mean effective pressure (bmep), AFR and emissions of the exhaust gas for various engine-dynamometer speeds. The accuracy of the test-rig measurement was verified by comparing both torque and brake power with benchmark data, which appear in the motorcycle technical manual. The acquired results indicated that conservation of the conventional mode of small engine characteristics is the distinctive impression for the tested engine. Further achievements are planned based on utilizing the developed test-rig and the attractive potential of a dual-fuel technique for reducing emissions and producing acceptable levels of torque and power.
INTRODUCTION
The internal combustion engine (ICE) is the main technology employed for steering the transportation sector. The small size category of ICE is widely used as a convenient and compact source of power for various applications like motorcycles, scooters, etc. Challenges with ICE as their size is reduced include larger surface area to volume ratios that increase the heat loss and can lead to flame quenching [1] [2] [3] [4] [5] and also, as the size is reduced, residence times and turbulent mixing are reduced, leading to decreased combustion efficiency. Furthermore, as the size is reduced, the effect of leakage is exacerbated [6, 7] . At the same time, this technology is associated with two issues that are threatening the whole world; the energy crisis and global warming. As a result, particular efforts are needed to boost engine performance and reduce emissions. It was observed that both of the fuelling methods have a crucial influence on the performance of ICEs. Fundamentally, most motorcycle engines used traditional carburettors [8] .
However, this traditional system of fuel feeding does not provide flexible means to adjust the optimal conditions for engine operation. Therefore, new techniques have been proposed for robust fine-tuning of fuel quantities to boost engine performance and reduce emission levels. Electronically controlled fuel injection offer the prospect of realizing the fuel efficiency concept (giving the lowest fuel consumption and emissions) [9] .Fuel injection allows the amount of fuel injected per cycle to be varied in response to inputs derived from sensors which define actual engine operating conditions [10] . The fuel injection system seems a promising technology as a means to supply suppressed fuel because of its high fuel delivery efficiency, enhanced fuel economy and reduced engine out emission [11] [12] [13] [14] [15] [16] [17] [18] .A fuel injector is a valve-nozzle combination that inserts a spray fuel into the air flow. The amount of injected fuel can be metered either by solenoid actuation (electronically controlled) or cam actuation (mechanically controlled) [19] . Spark ignition engines use fuel injectors to spray fuel into the air stream at the intake manifold (throttle body injection), inlet port (port fuel injection), or directly into the cylinder (direct injection) [20] [21] [22] . The advantages of port fuel injection over the carburettor are increased power and torque through improved volumetric efficiency and more uniform fuel distribution, more rapid engine response to changes in throttle position, and more precise control of the equivalence ratio during cold-start and engine warm-up [23] . Though the port fuel injection system has some advantages, it cannot at present meet the continuously increasing demands for performance, emission legislation and fuel economy [24] . So electronically controlled gasoline direct injection systems have started to be used instead of a port fuel injection system. Direct injection is now becoming more commonplace in the automotive industry [25] , as is established in the recreational 2-stroke engine product industry [12, 26, 27] . Direct injection can offer similar fuel economy, emission control and performance enhancement potential to a small 4-stroke engine as compared to the larger displacement automotive engines [28] . There are, however, specific challenges in applying direct injection to this application in comparison to the automotive application and these will probably preclude the current production of direct injection systems for motorcycles. They include [29] : i) Packaging constraints of the DI systems, ii) Smaller bore size and often higher maximum operating engine speed, iii) System electrical current consumption considerations, iv) Significant cost constraints (market-dependent), v) System 'serviceability' and consideration of 'technology overload' for dealers and service people whose training, and tools, relate to the simple carburettor.
Moreover, in motorcycle engines, the layout of injection systems is subject to various potential limitations owing to the reasons that require the engine to be mounted in a narrow space [13] .Therefore, the port fuel injection (PFI) system has been used widely in small four-stroke gasoline engines because of its advantages compared to the direct injection (DI) system based on [30] : i) Low capital investment compared to GDI system; ii) Best suited for 4-stroke engine; iii) Mostly uses conventional components of an engine.
Compared to car engines, motorcycle engines tend to have lower displacement volumes, and the need for high specific output power makes them operate at high revolution speeds. Due to the difference between motorcycle and automobile engines, it was uncertain whether the existing method of fuel injection had the potential to meet the response required for motorcycles. So for a motorcycle gasoline engine with a PFI system, it is vital to analyse and test the engine for assessment of the motorcycle's effectiveness. This can be implemented via measurements and correlation with real tests, which are especially important for perceptible performance and emissions.
This paper represents on-going research and emphasizes the evaluation of the characteristics of spark ignition engines operating with port injection on gasoline fuel alone. Miniature reciprocating ICEs have attractive potential for providing an energy source based on hydrocarbon fuel combustion for modern motorcycle applications. Hence, the purpose of this manuscript is essentially to investigate experimentally the performance and emissions of a modern small motorcycle engine. An experimental setup, as well as test procedures, were implemented for a certain motorbike engine. Through this robust experimental set-up and procedure, a diagnostic analysis of the performance and emissions of the tested engine using the port fuel injection approach can be achieved.
EXPERIMENTAL DETAILS
The experimental measurements for the present investigation were performed to complete the study in a logical manner. The main task in the current experimental work is to evaluate the performance and emissions of a small SI engine for motorcycle applications. A correctly setup engine and test cell with an appropriate data acquisition system are needed for acquiring precise and trustworthy data. The following sections give a detailed description of the engine, with its accessories; the test cell and dynamometer were utilized during experiments. A schematic of the experimental set-up with all details of the main components and connections is presented in Figure 1 . 
Engine Configuration
The engine chosen for the current study was a single-cylinder, four-stroke, water-cooled spark ignition engine for Yamaha motorcycle model FZ150i. Since the engine is not available from the manufacturer as a stand-alone unit, a whole motorcycle was purchased from a private party. The parts that were not necessary for this research (rear wheel, drive belt, chassis, fender, and so on)were removed from the engine. The factory engine control unit (ECU) and wiring harnesses were kept attached to the test-rig. The engine control unit and wiring harnesses are a crucial part of the baseline measurement since they control the injection timing and ignition timing of the engine. The motorcycle vehicle and the test engine specifications are listed in Table 1 . The original intake system of the tested engine is naturally aspirated and the mixture formation system is port injection in design. The aluminium cylinder head has a pent-roof configuration for the combustion chamber with a centre-mounted sparkplug. The cylinder head has dual intake and exhaust valves actuated by a single overhead cam (SOHV). Fuel is injected into the intake port by a single fuel injector located at the mid-point of the flow split. The injection system is composed of a low electrical current return type fuel pump, fuel pressure regulator, fuel filter, and injector. The fuel pump, fuel pressure regulator, fuel filter, and fuel level gauge are integrated into one compact form and are located inside the fuel tank so as not to interfere with other layouts. The fuel injector is 6-hole with a capacity of 125 cm 3 /min and an injection pressure of 250 kPa. The engine specification remains unchanged except for the cooling system, which has been modified to incorporate external and portable characteristics. The coolant temperature is controlled automatically based on the instantaneous cooling water outlet temperature. The temperature is measured using an adapted thermocouple and temperature scanner. The base engine radiator was removed and engine coolant is taken directly to the external cooling system. An engine water pump circulates the coolant between the engine and the external cooling system, rather than an engine radiator. The external cooling system is made up of a three-way valve and a header tank heat exchanger. This three-way valve is actuated by a pneumatic actuator, which is used to govern the flow direction according to the temperature signal. The header tank is a shell and tube heat exchanger, with the engine coolant being the fluid flowing into the tube. The temperature of the coolant expelled from the engine is sensed by a thermocouple which transmits a signal to the temperature controller. The pre-set temperature specified for the controller was 70 ○ C to match the manufacturer's settings. The rejected heat from the coolant in the header tank heat exchanger is carried by the water and rejected ultimately in a fan coil heat exchanger. The test engine was coupled to the dynamometer using the energy transmitting assembly(coupling) shown in Figure 1 . This assembly utilizes a short propeller shaft guard with universal joints at each end. Connecting the propeller shaft guard to the engine's flywheel involved fabricating the adapter for mounting the universal joint on the engine side. A journal bearing was used to hold the fabricated adapter on the engine side. Use of this journal bearing ensures proper engine speed control from 800 to 10000 rpm, without oscillations arising from the enginedynamometer coupling natural frequency. On the dynamometer side, an adapter was fabricated to connect the propeller shaft guard with the dynamometer. Another journal bearing was used on the dynamometer side. The engine has a clutch which is used to engage the dynamometer for loading.
Dynamometer
The performance of reciprocating ICEs is usually measured using a dynamometer. A dynamometer is a device used to measure the torque and speed of a rotating machine operating in a controlled environment. It consists of a speed sensor, torque (force) sensor, and a controllable absorber and/or motor. A Dynalec Controls ECB-15 kW, eddy current, bi-directional, dry type dynamometer was utilized in this work for engine loading, power absorption and engine speed regulation. This dynamometer was selected based on matching between the values of the engine specifications (maximum torque and maximum power with corresponding engine speed values) and the dynamometer working envelopes (performance curves) which are given by the manufacturer as listed in Table 2 . Table 2 lists the details of the dynamometer specifications. Engine torque is measured using a universal type, precision grade, load cell as a transducer attached to the lever armon the dynamometer shell. Dynamometer speed is measured using a noncontact type magnetic pulse pick-up sensor with 200 ohms for coil impedance and 0.5~1 mm for sensing distance. A 60-toothed gear wheel is mounted on the dynamometer shaft for displaying speed in rpm directly. Figure 1 shows the layout of the dynamometer coupled to the Yamaha test engine. The dynamometer electromechanically absorbs the power delivered by the engine. The heat generated by the applied torque is removed by utilizing a closed cooling circuit. The cooling circuit for the dynamometer is composed of an electrical centrifugal pump, cooling fan, pipes for connecting the cooling circuit and a special water reservoir filled with tap water. 
Throttle Control Unit
Throttle control is one of the basic controls required for the testing of an engine. As the engine speed depends upon the throttle opening (position), to achieve stable engine speed, throttle has to be maintained at a particular position. All tests were performed under a wide open throttle condition. A Dynalec Controls TLPC/612A control unit and TM/612B throttle actuator were utilized in this work. To achieve stable operation of throttle at any particular position, because of its fast response and high holding torque action, a DC servo motor with a tuning belt and pulley arrangement is used for the throttle actuator. The throttle actuator is operated in a closed loop by taking position feedback. The throttle zero position and range of operation can be shifted electrically from the controller.
Exhaust Gas Analyser
The exhaust gas composition of the engine was analysed by the gas analyser kit. A portable KANE hand-held exhaust gas analyser was used to measure the concentration of the exhaust gas species. It is a compact design, fast warm-up, and it can be incorporated to measure CO (0-10%), CO 2 (0-16%), HC (0-5000 ppm), O 2 (0-21%), and AFR (11.76-17.64). It is ideal for pre-compliance testing, vehicle diagnostics and servicing to the manufacturer's specification. It can be used for petrol/gasoline, LPG, CNG and diesel vehicles. A KANE analyser works on the principle of infrared spectroscopy measuring the concentration of each constituent (CO, CO 2 and HC). Oxygen and air-fuel ratio are measured using automotive electrochemical sensors. The exhaust stainless steel probe of the gas analyser kit was located in the exhaust manifold to sample the exhaust gas. A sampling system complete with a conveying line was attached to the probe to sample the exhaust gas. A hand-held display board was facilitated for the sampling process and logged the data.
Test Procedure and Data Reduction
The test engine was loaded with the help of an eddy current type dynamometer. Load applied to the engine was varied by using the knobs that change the excitation current in the stator of the eddy current dynamometer. The test procedure is based on the 'position-speed mode' test sequence [31] . In this mode, the throttle position continues to be set for a specified condition, but the dynamometer is equipped with an automatic controller, which adjusts the torque absorbed by the machine to maintain the engine speed constant whatever the throttle position and power output.This is a very stable mode and it is generally used for plotting engine torque-speed curves at full and part throttle opening. The throttle opening and engine speed are considered as independent variables. Currently, the throttle opening is controlled to achieve 100% opening, while the engine speed is set independently to satisfy the selected engine speed condition. The dynamometer load is then imposed to achieve the highest possible engine torque in that condition. Hence, other variables such as engine torque, power, and the emissions are considered as dependent variables. The data collection is carried out from 1800 rpm to 3200 rpm with an interval of 200 rpm based on dynamometer speed. The engine test was repeated three times and arithmetical average value for each parameter was considered. To warm up the engine to the operating temperature, it is started on a very rich fuel-air mixture ratio. After the engine has been run for about 5 minutes on the rich setting, the mixture is leaned somewhat and the engine is again allowed to run for the same duration, then the data of interest data is recorded. Logically, the engine testing is intended to yield sufficient torque (exceed misfire limit) and avoid knocking noise. Accordingly, in this work the air-fuel ratio [32] parameter is optimized (through the ECU) to achieve the best brake torque with smooth operation for each tested point. The measurement of the AFR was based on the exhaust gas analyser because it is more precise. The AFR is dependent on the load and engine speed. The brake torque, T, applied to the cradled housing was calculated by the moment arm connected to the balance weights [23] :
where T is brake torque in N.m, F is applied load in N, and b is the distance from the centre of the rotor in m. Measurement of engine torque was carried out using a load cell attached to the dynamometer's arm. Calibration of the load sensor is carried out by employing a known load quantity to the load cell and comparing the given reading of the load cell to the theoretical value. Based on in-lab calibration, the load cell gives a maximum deviation of 2.33%. In order to evaluate the trustworthiness of the measured results, the results must be compared in terms of more general and convenient parameters. These are enabled by deriving values for engine power, and bmep. These parameters are some of the parameters used for engine comparison [23, 33] . Moreover, for the current study, these parameters are compared against typical engine data for an SI engine. The value of brake power was calculated based on the value of engine torque. The brake power, P b , delivered by the engine and absorbed by the dynamometer is the product of torque and angular speed [34] :
where P b brake power in kW, and N engine speed in rpm.
The engine output torque at the crankshaft, when related to the engine displacement, generates another performance parameter called bmep. This is a measure of work output from an engine and not of the pressure in the engine cylinder. Brake mean effective pressure is used to compare the performance of differing engine capacities and numbers of cylinders. It is measured in kPa, and can be expressed as [35] :
where n r is the number of crank revolutions for one complete cycle, which is 2 for a four-stroke engine, andV d is the total volume of the engine cylinders in m 3 .
RESULTS AND DISCUSSION
The motorcycle with a 100-150 cc engine capacity is the most popular for personal transportation, especially in Asia. Finding ways to enhance the output torque, reduce the energy expenditure and eliminate the polluting emissions are always desired goals and ongoing challenges [36] . Therefore, the results of the current work are focused on the performance parameters and the exhaust pollutants aspects only under quasi steady state operation conditions. Injection timing variation has no effect on engine performance or emissions as long as the AFR is held constant [33, 36] . Therefore, the injection timing investigation was excluded here. The ignition and injection timing parameters are implicitly optimized (through the ECU) to achieve the maximum best torque. Measurements were carried out for the engine over a speed range from 6000 to 10700 rpm, which represents the road load conditions for motorcycle engines [29] . Recording of the engine speed was directly achieved and manually recorded from the speed indicator attached to the tested engine. However, it is difficult to perform engine tests with this range of engine speed. Therefore, it was reduced through a low transmission gear. The dynamometer speed was recorded from the dynamometer control panel. Figure 2 shows the variation of dynamometer speed against engine speed for the entire testing range. It reveals a linear relationship between the engine and dynamometer speeds with the n slope equal to the ratio of the transmission gears. 
Engine Performance
The performance of the engine with respect to brake torque, brake power, and brake mean effective pressure was investigated for a wide range of engine speeds. However, all the following results will be presented with respect to dynamometer speed because it was the input variable during the experiments. Figure 3 shows the brake torque and brake power of the engine at WOT from 1800 to 3200 rpm with 200 rpm as a step change. It was found that the maximum brake torque and brake power obtained were 36.2N.mand 10.84 kW at 2600 and 3000rpmrespectively.However, it is clearly seen that both the highest torque and power are different and were achieved later than the rated values as given by the manufacturer's specification(see Table 1 ). This deviation is due to the highest reduction ratio of the engine transmission gear employed for all the experiments (see Figure 2) .The typical trend of modern motorcycle engines is to produce a maximal curve of torque and power against engine speeds in which its maximum engine torque value is achieved at a lower engine speed than maximum power. At high engine speed, the engine cannot withstand the higher dynamometer load and thus the engine torque is reduced. This is because the increased friction in the engine components as the speed increases becomes dominant [19] . More work produced in the engine cylinder is used to overcome the increased friction. It can be noted that the results of the current experimental test rig coincide with this general trend. considered as acceptable for the SI engine. Moreover, it can be seen that the bmep and brake torque trends show a small discrepancy with others. 
Exhaust Pollutants
The exhaust pollutants (emissions) of the engine, including carbon monoxide (CO), carbon dioxide (CO 2 ), and unburned hydrocarbon (HC),were investigated at various engine speeds. One of the most important variables affecting the emissions in the exhaust of the ICE is the AFR. Therefore, it is beneficial to assess the results of the engine emissions by presenting the behaviour of the AFR prior to the production of these emissions. Figure 5 shows the variation of the AFR and the volume fraction of O 2 in exhaust gases versus dynamometer speed. It can be claimed that the port-injection gasoline engines' AFR is optimised by the engine manufacturers, not controlled during this investigation. According to the graph, the AFR is almost falling in the rich mixture region over the speed range for the tested engine (less than 14.5). The practical operating range of the AFR for a naturally aspirated spark ignition engine is nearer to 9 to 25. In the current results, it is obvious that there is a significant drop of the AFR beyond the speed of 1800 rpm. This is due to increase of the fuel flow as speed increases in order to maintain the highest engine power. The volume fraction of O 2 has a coincident trend with the behaviour of the AFR against dynamometer speed. This is expected because the AFR is calculated from the relative concentrations of exhaust pollutants. Typically it is well-known that less O 2 denotes better combustion at the stoichiometric condition. It can be observed that beyond 1800 rpm, increasing engine speed decreases the O 2 level due to better combustion. Figure 6 shows the variation of the engine emissions versus dynamometer speed under the WOT condition. It can be observed that there are significant variations in the CO and HC but only slight variation for CO 2 . These behaviours are directly related to the variation of the AFR versus dynamometer speed. The significant sources for CO emission are the SI engines due to their running at stoichiometric or close to stoichiometric air-fuel ratios. Basically, carbon monoxide (CO) is produced through the combustion process with rich fuel-air mixtures. This is essentially because there is insufficient oxygen to fully burn all the carbon in the fuel to CO 2 . It is found that the volume fraction of CO produced is in the range of 4.41-7.73% over the engine speed range. Carbon dioxide is directly related to the combustion of fuel. Increasing CO 2 means better fuel combustion. However, there is a limitation, as for gasoline fuel the maximum CO 2 should be below 12.62% (this value comes from stoichiometric calculation) [37] [38] [39] . The volume fraction of produced CO 2 is 9.775%on average over the whole engine speed range. This means that the tested engine was working in a very good condition. The HC is mostly caused by an unburned fuel-air mixture, while the engine lubricant and incomplete combustion represent other sources. Similar to the CO emission, one of the most important variables affecting the HC emission in the exhaust is the air-fuel ratio. It is found that the concentration of HC produced is in the range of 183-567 ppm over the engine speed range. It is expected that the amount of unburned HC decreases in the case of short combustion processes at high speeds. However, it is increased in Figure 6 , as the dynamometer speed increases until 2800 rpm then drops with further speed increment. This behaviour can only be interpreted by considering the variation of the AFR versus dynamometer speed.
CONCLUSIONS
The data presented in this paper clearly reveals the prospective of the modern small engine for motorcycle applications. Implementation of an electronically-controlled portinjection for a gasoline engine as a base for a lightweight high-speed motorcycle was incredibly successful. Moreover, using the concept of a dual-fuel engine appears promising based on its potential for performance enhancement and emission reduction.
Although the engine has not been developed with this concept yet, considerable progress in the structure of the engine test-rig and performance has been accomplished. The follow-on phase of the research agenda is incorporating the dual-fuel approach to realize the high performance and acceptable emission levels.
